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ABSTRACT
We conjecture that observed protoplanetary disc accretion rates may be explained
with low viscosities which could be the result of hydrodynamic turbulence. We show
that viscosities parameterized in the usual way with α & 10−4, comparable to values
suggested for hydrodynamic turbulence, can explain the observed accretion rates and
lifetimes with plausible inner disc surface densities. Our models are also in better
agreement with surface density estimates of the minimum mass solar nebula than
models with rapid transport for a given mass accretion rate, such as recent models
of accretion driven by magnetic winds. The required surface densities are a natural
result of the protostellar infall phase, as long as non-gravitational transport is limited.
We argue that, in addition to possible non-ideal magnetic transport due to disc winds
possibly modified by the Hall effect, the effects of low-viscosity hydrodynamic accretion
deserve more consideration.
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1 INTRODUCTION
T Tauri stars accrete significant amounts of gas over typical
timescales of a few Myr, but it has proved difficult to identify
precisely why they do so. It was recognized early on that the
magnetorotational instability (MRI), which provides a satis-
factory explanation for turbulent transport in ionized astro-
physical discs (Balbus & Hawley 1998), was unlikely to be
effective in large regions of cold protoplanetary discs. To ex-
plain the observed mass accretion in T Tauri stars, Gammie
(1996) proposed that cosmic rays could sufficiently ionize
upper disc layers for the MRI to operate, leaving a non-
turbulent, non-accreting“dead zone”sandwiched in between.
However, Gammie’s model included only Ohmic dissipation;
recent numerical simulations indicate that ambipolar diffu-
sion quite effectively quenches the MRI over large regions of
discs (e.g., Bai & Stone 2013; Bai 2014; Gressel et al. 2015;
Simon et al. 2015), and any reduction of cosmic ray ioniz-
ing fluxes by disc winds would make MRI activation even
less likely Cleeves et al. (2015) (although there may be some
MRI activation in the outermost regions; Simon et al. 2015).
Observations suggesting low turbulence in protoplane-
tary discs also limit the possible levels of MRI turbulence.
Flaherty et al. (2015) analyzed line profiles of differing iso-
topologues of CO to place low limits on turbulent veloci-
ties in the outer disc of HD 163296. More indirectly, low
turbulence is needed for models in which dust concentra-
tion in pressure maxima explain observations of narrow
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rings, gaps, and possibly vortex structures (Zhu & Baruteau
2016; Bae et al. 2017; Dong et al. 2017). Finally, several re-
cent studies have found no evidence for the correlations
between disk masses, sizes, and accretion rates expected
for strongly-viscous disks (Rafikov 2017; Tazzari et al. 2017;
Lodato et al. 2017).
The time-dependent non-ideal MHD disc simulations
which demonstrated the ineffectiveness of the MRI in re-
gions where ambipolar diffusion is important instead found
strong disc winds which drive accretion in narrow upper disc
layers (Bai 2014, 2015; Gressel et al. 2015), echoing the pi-
oneering study of Ko¨nigl (1989). Bai (2016) has developed
one of the most complete pictures of how winds can drive the
necessary accretion in protoplanetary discs, updating earlier
ideas Pudritz & Norman (1983); Ferreira & Pelletier (1993);
Ferreira et al. (2006). The Hall effect in protoplanetary
discs may also modify this picture (e.g., Salmeron & Wardle
2008), as it is capable of producing strong laminar stresses
if the magnetic field and angular momentum vector are
aligned, or intermittent turbulent stresses in the anti-aligned
case (Lesur et al. 2014; Simon et al. 2015; Be´thune et al.
2017; Bai & Stone 2017).
However, the effectiveness of non-ideal magnetic trans-
port depends on uncertain or unknown parameters, such
as the exact levels of ionization in upper disc layers and
magnetic field strengths (e.g., Armitage et al. 2013). The
amount of magnetic flux dragged in from the protostellar
cloud and retained in the disc must be regarded as uncertain
(Guilet & Ogilvie 2014; Okuzumi et al. 2014; Bai & Stone
2017), especially as there are no direct in situ constraints,
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and because magnetic flux loss via ambipolar diffusion as the
protostellar envelope collapses is likely to be very important,
if not essential, to forming discs of the observed ∼ 100 AU
sizes (Masson et al. 2016).
Observational evidence in favor of the magnetic models
is limited. While the jets and winds from inner discs almost
certainly require magnetic acceleration (e.g., Ferreira et al.
2006), these may actually arise from warmer regions where
the MRI can operate. There is evidence for slower outer
disc winds in the form of low-velocity forbidden line emis-
sion (Pascucci et al. 2011; Rigliaco et al. 2013), but it isn’t
clear whether these flows might be entirely the result of
photoevaporatively-driven mass loss with mininal or no mag-
netic coupling (Simon et al. 2016). Finally, the bimodality
of the Hall effect depending upon the alignment of poloidal
field and angular momentum, or other distinct differences
such as quenching accretion, one-sided winds, etc. seen in
the simulations of Be´thune et al. (2017) currently do not
have obvious observational support (see also Bai & Stone
2017).
In view of the likely weak coupling between magnetic
fields (if any) and gas in much of protoplanetary discs, in-
creased attention has been paid to hydrodynamic sources
of turbulence (see Fromang & Lesur 2017, for a review),
such as the vertical shear instability (VSI; Urpin 2003;
Nelson et al. 2013; Lin & Youdin 2015) convective oversta-
bility (Klahr & Hubbard 2014), the “zombie vortex” insta-
bility (Marcus et al. 2015; but see Lesur & Latter 2016),
or even turbulence driven by planets (Bae et al. 2016;
Fung & Chiang 2017). While these instabilities can in prin-
ciple produce angular momentum transport, the levels of
viscosity produced are so low that accretion during T Tauri
lifetimes could only come from inner regions of discs; vis-
cous transport timescales at large radii are too long com-
pared with observed disc lifetimes. Conventional disc mass
estimates suggest that the needed reservoir to maintain disc
accretion over typical lifetimes must extend to the outer disc
(§2). However, disc masses derived from mm- and sub-mm
wave dust emission are sensitive to uncertain dust opacities,
and inner disc dust is generally thought to be optically thick
at these wavelengths (§4), thus providing no observational
constraints.
In this paper we explore the possibility that protoplan-
etary disc (T Tauri) accretion can be explained with low
turbulent viscosities potentially achievable by a variety of
hydrodynamic instabilities. Fung & Chiang (2017) made the
suggestion that turbulence driven by a series of super-Earths
in inviscid discs could explain the observed accretion rates
of & 10−8M⊙ yr
−1; here we consider the more general situa-
tion of weak viscous transport, regardless of its origin. We
show that plausible inner disc masses can provide the needed
reservoirs of material, such that the observed accretion can
be explained by a combination of low-viscosity, potentially
purely hydrodynamic, turbulence and thermal MRI activa-
tion in the warm, innermost disc.
2 MASS RESERVOIRS NEEDED FOR
ACCRETION
The durations and rates of accretion in T Tauri stars place
statistical constraints on the minimum amount of gas ini-
tially present in their discs. The most reliable measures of
mass accretion rates come from excess optical emission pro-
duced as gas funnels in along magnetospheric flux tubes
and shocks at the stellar photosphere (e.g., Hartmann et al.
2006). A recent analysis of accretion rate estimates by G.
Herczeg (presented in Hartmann et al. 2016) found a mean
dependence of the mass accretion rate on stellar mass of
ÛM = 10−7.9 M2.1∗ M⊙ yr
−1 , (1)
where the stellar mass M∗ is measured in solar masses. Re-
moving this mass dependence for stars with masses between
0.3 and 1.0M⊙ yields a time dependence ÛM ∝ t
−1.07. Given
the large observed scatter about these trends, we simplify
Herczeg’s results in this paper to
ÛM = 1.8 × 10−8M20.7t
−1
6 M⊙ yr
−1 , (2)
where t6 is the age in units of Myr. The total mass accreted
between times t0 and t f is then
Macc = 1.8 × 10
−2M20.7 ln(t f /t0)M⊙ . (3)
As this relation was derived for optically-visible
young stars, we take t0 to be the time when infall to
the disc has ceased (i.e., after the protostellar phase).
Kenyon & Hartmann (1995) suggested that the protostel-
lar phase lasts between 0.1-0.2 Myr, while the more recent
and complete study by Evans et al. (2009) estimated pro-
tostellar lifetimes ∼ 0.5 Myr. Here we adopt a compromise
value of t0 ∼ 0.4 Myr, consistent with the fits being derived
mostly from stars with larger ages. The fraction of accreting
stars decreases steadily with increasing age, such that only
about 50% of all stars show significant accretion at ages
of 3 Myr, with a much smaller fraction lasting for 10 Myr
(Herna´ndez et al. 2007); the e-folding time for near-infrared
excesses or measurable accretion to disappear is estimated
to be ∼ 2.3 − 3.0 Myr (Fedele et al. 2010). We therefore set
t f = 3 Myr, and find an estimated average accreted mass
during the T Tauri phase of
< Macc >≈ 0.036M
2
0.7 M⊙ . (4)
To compare with observational estimates of disc masses
from dust emission, we suppose that a typical T Tauri star
has an age of ∼ 2 Myr, and adopt an e-folding time for
the end of accretion = 3 Myr as above. Then the typical
accretion rate for the fiducial stellar mass of M∗ = 0.7M⊙
is ∼ 0.9 × 10−8M⊙ yr
−1 and the mass that will be accreted
later is ∼ 0.01M⊙ . While this is in reasonable agreement
with the median disc mass ∼ 0.005M⊙ estimated from mm-
wave dust emission of stars in the Taurus molecular cloud
(e.g., Williams & Cieza 2011), it must be emphasized that
this is the accreted mass, and the disc masses must be larger
if there is to be anything left to form planets.
Although the scatter around the mean values for ac-
cretion and mass reservoirs given in equations 2 and 4 is
large, these results are important in that infall onto the
star traces the bulk gas, in contrast to estimates from dust
emission which are sensitive to the size distributions of the
solids and which do not trace mass in optically-thick regions.
Williams & Best (2014) attempted to determine gas masses
by analyzing the emission from CO isotopologues, but their
results yielded masses an order of magnitude too small to
account for the reservoir of mass needed to sustain accretion,
and thus are probably strongly biased by CO freeze-out onto
grains or incorporation into other bodies.
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3 RAPID MASS TRANSPORT FROM THE
OUTER DISC?
Because the typical mass reservoirs needed for T Tauri accre-
tion are comparable to (or exceed) usual estimates for entire
discs, it is usually assumed that mass must be accreted from
large radii during T Tauri lifetimes. To fix ideas, we consider
a disc around a central star of mass of 0.7M⊙ and assume
a disc temperature distribution T = 200(R/AU)−1/2 K, mo-
tivated by the radiative transfer models of D’Alessio et al.
(2001). We further assume that the disc has a viscosity
ν = αc2s/Ω , (5)
where cs is the sound speed and Ω is the Keplerian angular
velocity. Then the viscous timescale as a function of radius
is then
tν ∼
R2
ν
= 1.2 × 104α−1−2T
−1
200M
−1/2
0.7
R
AU
yr , (6)
where α−2 = α/0.01 and T200 is the disc temperature at 1
AU in units of 200 K.
Thus, if the mass reservoir for accretion must extend
to ∼ 100 AU during a T Tauri lifetime of a few Myr, the
viscous parameter must be in the range α ∼ 10−2 − 10−3
(Hartmann et al. 1998). While such viscosities could plausi-
bly achieved in an MRI-active disc, this is unlikely to be the
case for protoplanetary discs (§I). Moreover, there is weak
or little empirical evidence for the relations between disc
size, mass, and accretion rate predicted by highly viscous
disc models (Rafikov 2017; Tazzari et al. 2017; Lodato et al.
2017).
It is worth noting that high viscosities with typical T
Tauri accretion rates are incompatible with estimates of
mass surface densities for the lowest mass estimates for the
solar nebula (the “minimum-minimum mass solar nebula”
(M-MMSN), Weidenschilling 1977; Hayashi 1981) let alone
larger values for the MMSN (Desch 2007), or estimates of the
typical ”minimum mass extrasolar nebula”derived assuming
in-situ formation of super-Earth systems Chiang & Laughlin
(2013). Using the steady state result ÛM = 3πνΣ to estimate
the surface density at 1 AU given the accretion rate and
viscosity parameter,
Σ1 ∼ 200 ÛM−8α
−1
−2T
−1
200 g cm
−2 , (7)
where ÛM−8 is the mass loss rate in units of 10
−8M⊙ yr
−1.
Thus, to achieve even the M-MMSN surface density of
1700 g cm−2 implies α ∼ 10−3 if discs are viscous. While the
solar nebula is obviously only one object, the existence of
many compact extrasolar planetary systems suggests there
may be a need for higher inner disc mass surface densities
difficult to achieve with high viscosities.
The relationships between accretion rates and disc sur-
face densities of non-ideal MHD transport models discussed
in §1 are not clear, as they are not describable by a tur-
bulent α viscosity; there may be some relation due to the
dependence of the stresses on the plasma β. Rapid trans-
port can be consistent in some cases with inner disc surface
densities below the M-MMSN (see, for example, Figure 6 of
Bai 2016).
4 SLOW MASS TRANSPORT FROM THE
INNER DISC?
Given that mass reservoirs estimated from dust emission are
at best barely sufficient to sustain typical accretion, it may
seem counter-intuitive to consider whether the inner disc
alone can supply the needed mass. However, there are very
few observational constraints on inner disc surface densities,
both because these regions are still mostly unresolved spa-
tially and the dust emission from the inner disc is expected
to be optically thick (see, for example, Tazzari et al. 2016).1
To see more quantitatively what is required for ade-
quate accretion at low viscosities, we develop a vertically-
integrated disc model with both viscous and irradiation
heating. We assume steady accretion in the inner regions,
such that the surface density is given by
ÛM = 3παc2sΣΩ
−1 . (8)
The sound speed appropriate to the central temperature
T4c = T
4
v + T
4
i , (9)
where
T4v =
3τ
8
3GM∗ ÛM
8πσR3
, (10)
where τ is the vertical optical depth from the midplane
(Hubeny 1990).
We use the low temperature dust opacity from
Zhu et al. (2009) of κ = 5.3 × 10−2 f T0.738 cm2g−1 when
T < 1500K, modified by the factor f to account for reduc-
tions in opacity due to depletion of small dust which dom-
inates the radiative trapping in the warmer inner regions
of the disc. Observations, which provide clear evidence for
grain growth in outer discs (e.g., Tazzari et al. 2016), implies
a reduction of the abundance of small grains. More directly,
detailed modeling of spectral energy distributions require
depletions of small dust in upper disc layers in the range of
10−1 to 10−3 (Furlan et al. 2006). We therefore adopt values
of f = 0.1, 0.01 as observationally justifiable.
We do not model regions where the above equations
would yield T > 1500 K; we simply assume the MRI is ther-
mally activated, with a much larger α, and thus adjusts the
surface density and temperature to accommodate the mass
accreting from the adjacent colder region.
For a given accretion rate, low viscosities imply large
surface densities, which can approach values such that trans-
port by gravitational instability (GI) must be considered.
Numerical simulations indicate GI-driven spiral waves read-
just disc surface densities rapidly such that the Toomre
parameter Q = csΩ/(πGΣ) approaches ≈ 1.4 (Boley et al.
2006). At somewhat larger values of Q, some transport can
still occur with decreasing efficiency, becoming negligible at
Q ≥ 2 (Kratter et al. 2008; Griv 2006). We therefore limit
the surface density such that when equation 8 would imply
strong GI transport, we determine the surface density as-
suming Q = 2. This means that the accretion rate in these
regions is no longer constant.
1 Transitional discs (e.g., discs with large inner holes or gaps in
dust) have much greater small dust depletions (Espaillat et al.
2014), but these are clearly quite evolved from their initial con-
ditions.
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Figure 1. Surface density distributions for discs heated by both
viscous dissipation and stellar irradiation, for an inner disc ac-
cretion rate of 2 × 10−8M⊙ yr
−1. The solid curves are the results
for α = 3 × 10−4, with f = 0.1 (heavy curve) and f = 0.01
(lighter curve). The dashed curves show the surface densities for
α = 3 × 10−5, with f = 0.1 and 0.01 for the heavy and lighter
lines, respectively. The transition to a steeper decrease in Σ at
larger radii indicates the regions where the Q = 2 GI-limit comes
into effect (see text). The jump in surface density is due to the
simple way we switch between steady accretion and the GI-limit.
The outer dotted line shows the Σ for the MMSN of Desch (2007)
while the inner line is the M-MMSN.
Figure 1 shows the surface density distributions for the
fiducial 0.7M⊙ star with Ti = 200(R/AU)
−1 K as before, for
accretion rates of ÛM = 2×10−8M⊙ yr
−1, α = 3×10−4, 3×10−5,
and f = 0.1, 0.01. With the larger viscosity parameter, the
surface density distribution is consistent with steady accre-
tion out to about 5 AU, while for α = 3 × 10−5 there is only
a very narrow region interior to ∼ 1− 2 AU that is in steady
state, depending upon f . In general, lower opacities lead to
somewhat higher surface densities as the amount of trap-
ping of viscously-generated heat is reduced. In the regions
where Q = 2 limits the surface density, the accretion rate
is no longer constant but decreases with increasing radius.
This means that once the inner regions drain, and accretion
is sustained from the GI-limited regions, the accretion rate
into the central regions should decrease, as we verify in the
following section with time-dependent models. The surface
densities are well above the M-MMSN but are comfortably
below the MMSN of Desch (2007) for α = 3× 10−4 and even
consistent for α = 3 × 10−5.
In Figure 2 we plot the mass interior to the radius
R where the viscous timescale is tν . Both high mass loss
rate models show approximately the same mass, ∼ 0.02M⊙ ,
within a radius where tν ∼ 3 Myr; although the steady re-
gion is smaller at low viscosity, the surface density is higher
and the viscous timescales are longer at a given radius. The
transition to the Q = 2 region is evident from the breaks in
the curves. The model mass reservoirs are within a factor
Figure 2. The enclosed mass as a function of the viscous
timescale R2/ν for the model surface densities shown in Figure
1, with the same line types for the different cases.
of two of the observational estimate of equation 4, and thus
these simple calculations suggest that the necessary accre-
tion rates can be maintained over timescales ∼ 3 Myr.
5 LOW-VISCOSITY DISC EVOLUTION WITH
INFALL
Whether T Tauri discs have relatively large inner disc sur-
face densities as shown in Figure 1 depends on initial con-
ditions as well as requiring low viscosities (or other, slow,
transport). To explore the possible initial disc mass distri-
bution we employ a simplified version of the methods used
in Bae et al. (2013) and Zhu et al. (2010) to follow disc evo-
lution with infall. As in those previous investigations, we use
a model of infall to the disc motivated by the Terebey et al.
(1984) model for the collapse of a rotating protostellar cloud,
but these one-dimensional calculations do not include an ac-
tive layer. Here, we briefly summarize the time-dependent
model with infall; for more details we refer readers to Sec-
tion 2 of Bae et al. (2013).
We solve the one-dimensional mass and angular momen-
tum conservation equations to evolve the disc surface den-
sity, adopting the infall model of Cassen & Moosman (1981)
modified as in Bae et al. (2013). The two equations combine
into a diffusion equation as
ÛM = 6πR1/2
∂
∂R
(R1/2Σν) +
2πR2Σ
MR
∂MR
∂t
−4π
(
R
GMR
)1/2
(Λ(R, t) − g(R, t)R2Ω(R)), (11)
where MR is the sum of the mass of the central star and the
disc within a radius R and Λ and g describe the angular mo-
mentum and mass flux per unit distance from the infalling
material. In the diffusion equation, the first term represents
MNRAS 000, 1–8 (2017)
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Figure 3. The radial distributions of (left) the surface density, (middle) the temperature, and (right) viscosity parameter α and Toomre
Q parameter. In each panel, black curves present results with αrd = 3 × 10
−4 and f = 0.1, red curves present results with αrd = 3 × 10
−4
and f = 0.01, and blue curves present results with αrd = 3× 10
−5 and f = 0.01, respectively. The solid and dotted curves are radial profiles
at 1 and 10 Myr, respectively. In the left panel, the dashed curve indicates a power-law slope of −1.75. In the middle panel, the dashed
curve indicates the external irradiation-dominated temperature for M∗ = 0.7 M⊙; the excess temperature above this line is due to viscous
heating. In the right panel, the dashed curve indicates Q = 2.
disc accretion due to viscosity, the second term represents
the mass redistribution due to the change in central stellar
mass over time, and the third term represents the accretion
arising due to the infalling material.
The disc temperature is computed by balancing heating
and radiative cooling,
CΣ
∂T
∂t
= Qheat − Qcool, (12)
where CΣ = Σc
2
s/T is the heat capacity. The heating term
Qheat consists of the viscous heating, the heat generated by
the shock dissipation of infalling material, and the external
irradiation which includes the stellar luminosity, accretion
luminosity, and the heat from the background envelope cloud
(Tbg = 20 K). The radiative cooling rate Qcool is calculated
as
Qcool =
16
3
σT4
τ
1 + τ2
, (13)
where τ = f κΣ/2 is the optical depth of the disc and f κ is
the Rosseland mean opacity used in the previous section for
the quasi-steady models.
We implement a total viscosity parameter α = αrd +
αGI + αMRI, where αrd accounts for any non-GI/MRI trans-
port, which we assume constant at a level 3×10−4 or 3×10−5,
αGI = e
−Q2 accounts for the transport associated with GI,
and αMRI accounts for the transport associated with the
MRI, which is set to 0.01 only when the disc temperature
exceeds the MRI-activation temperature TMRI = 1500 K.
The calculations start with a 0.1 M⊙ central protostar
surrounded by an 1 M⊙ cloud. We assume a rigid rotation for
the cloud, with a 3 % of the breakup angular frequency at the
outer cloud edge. Infalling material is added to the disc at a
constant rate ∼ 3.4 × 10−6 M⊙ yr
−1 for ∼ 0.24 Myr, forming
a M∗ ∼ 0.65M⊙ star with a ∼ 0.25M⊙ of surrounding disc at
the end of the infall phase. In this model, most of the stellar
mass is accreted during the infall phase through outbursts
(see, e.g. Bae et al. 2013; Zhu et al. 2010). The centrifugal
radius, marking the outer edge of the disc where matter is
infalling, moves outward with time, reaching ∼ 25 AU at the
end of the infall phase.
In Figure 3 we present the radial distributions of sur-
face density, temperature, α, and Q at 1 and 10 Myr for the
fiducial model with αrd = 3 × 10
−4 and f = 0.01. The overall
surface density profile is in good agreement with that of the
quasi-steady disc model (Figure 1). The disc expands be-
yond the final infall radius of 25 AU to ∼ 100 AU due to the
action of gravitational torques, which redistribute material
such that the disc has a constant Q ∼ 3 and thus a power-law
density profile Σ ∝ R−1.75 as a result of the T ∝ R−1/2 tem-
perature distribution in the irradiation-dominated regime.
Inward of the Q-limited region, the disc has a roughly con-
stant mass accretion as a function of radius, as assumed in
the quasi-steady model. The surface density is flatter be-
cause the temperature is dominated by viscous heating, en-
hanced by radiative trapping due to the large surface den-
sity of Σ > 103 g cm−2. Note that, without photoevaporation
and planet formation, the outer disc surface density remains
nearly constant over 10 Myr because of the long viscous
timescale for a small viscosity αrd. It is only the inner disc
that maintains the accretion onto the central star while the
total disc mass is dominated by the outer disc. Thus, the
model predicts no relation between disc size, mass, and ac-
cretion rate, in agreement with the study of Rafikov (2017).
In Figure 4 we present the mass accretion rate history,
along with the total mass accreted onto the central star dur-
ing the post-infall (T Tauri) phase (t > 0.24 Myr). The disc
enters a quiescent accretion phase following a number of out-
bursts after the infall ceases. The accretion rate during the
extended quiescent accretion phase starts with ÛM ∼ a few
×10−8 M⊙ yr
−1 and gradually decreases over time. While the
magnitude of the accretion rate and the amount of mass ac-
creted (∼ 0.02 M⊙ between 1 and 10 Myr) is in reasonable
agreement with median observed values, the best fit power-
law slope for the log t− log ÛM relation between 1 and 10 Myr
is −0.45, shallower than the estimated ∼ −1 (§2). For this
model a faster decrease in accretion rate would have to be
explained by photoevaporation or planet formation.
MNRAS 000, 1–8 (2017)
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Figure 4. (Left) The accretion rate and (right) total mass accreted as a function of time for (black) αrd = 3 × 10
−4 and f = 0.1, (red)
αrd = 3 × 10
−4 and f = 0.01, and (blue) αrd = 3 × 10
−5 and f = 0.01 models. Note that the accreted mass presented here is during the
post-infall, T Tauri phase only (t > 0.24 Myr).
One effect of our adoption of reduced dust opacities is
that it reduces or eliminates the accretion outbursts lasting
well through the T Tauri phase seen in our previous sim-
ulations (Zhu et al. 2010; Bae et al. 2013), outbursts that
are inconsistent with observations. Reducing the opacity re-
duces or eliminates the T Tauri phase outbursts by reducing
the amount of radiative trapping essential to drive tempera-
tures high enough to trigger the MRI. This accounts for the
difference in early accretion behavior between the f = 0.1
and 0.01, αrd = 3× 10
−4 models (left panel of Figure 4), such
that larger depletion stops the outbursts sooner. Changing
f by a factor of 10 has little effect on the accretion rates
because it has only a modest effect on the surface density
in the viscous accretion (inner) zone, and no effect on the
Q-limited zone where the temperature is dominated by the
assumed irradiation flux (see Figure 1).
With αrd = 3 × 10
−4, the more numerous accretion out-
bursts for f = 0.1 case reduce the surface density compared
with the results for f = 0.01 (Figure 3). However, the mass
accretion rate and mass reservoirs are still comparable and
within observational requirements. With a lower level of non-
GI/MRI transport (αrd = 3×10
−5), the surface density in the
inner disc is higher and the Q-limited outer disc starts at a
smaller radius of only ∼ 1 − 2 AU, again similar to that
of the quasi-steady model. The disc maintains an accretion
rate of a few ×10−9 M⊙ yr
−1 during the T Tauri phase, ac-
creting in total ∼ 0.01 M⊙ of mass onto the central star. As
time goes on, mass is continually drawn from the Q-limited
disk regions where Σ ∝ R−7/4; as this is steeper than the
R−1 dependence for a steady constant α disk with T ∝ R−1/2
(Hartmann et al. 1998), the accretion rate ÛM ∝ νΣ must de-
crease with time. This decrease in our models is slow because
of the long viscous times; it occurs somewhat faster in the
low-α, f = 0.01 case because the Q-limited region becomes
the mass reservoir sooner (see Figure 2).
6 DISCUSSION
The calculations of the previous section show that in the
absence of rapid disc transport, protostellar collapse phase
is likely to produce initially massive discs. Viscous or other
transport timescales must be comparable to or shorter than
typical low-mass protostellar lifetimes of ∼ 0.4 Myr (§2) to
avoid piling up mass in the disc; at scales of 10-100 AU, this
requires viscous or equivalent α parameters ∼ 10−2 or larger
(Equation 6; Kratter et al. 2008; Zhu et al. 2009). GI trans-
port can redistribute mass effectively but by itself would
still yield a massive disc. The effectiveness of wind trans-
port during the protostellar phase is questionable, as the
wind could be impeded or even quenched by the higher ram
pressures of the infalling material. Dust in the infalling enve-
lope might also extinct the ionizing stellar radiation needed
for effective coupling of the magnetic field to the gas, which
could also limit Hall effect transport. Finally, observations
of protostellar accretion luminosities do not provide evi-
dence for rapid accretion during this phase (see discussion
in Hartmann et al. 2016).
The most direct evidence for large inner disc masses
during or near the end of protostellar infall comes from study
of the outbursting FU Ori objects (Hartmann & Kenyon
1996). FU Ori itself has a central gravitating mass (pro-
tostar) of ∼ 0.3M⊙ accreting at a rate ∼ 2×10
−4 M⊙ yr
−1. FU
Ori has been in a rapid accretion state for the ∼ 80 yr dura-
tion of its outburst, and thus has accreted ∼ 0.02M⊙ - about
the same that equation 1 predicts is accreted on average by
a 0.3M⊙ star over its entire T Tauri disc lifetime. Analysis of
the spectral energy distribution of FU Ori indicates that the
rapid accretion region extends over ∼ 0.5 − 1 AU in radius
(Zhu et al. 2007); presumably the accreted mass has been
drawn from this region. While FU Ori objects may not be
typical of late stages of protostellar evolution, they do sug-
gest that massive inner discs should be present in at least
some objects at the start of the T Tauri phase.
If 1-Myr-old T Tauri inner discs have low masses, but
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started out relatively massive at the end of infall, they must
have had high accretion rates and/or photoevaporative rates
at earlier times. The observational estimates discussed in §2
provide little or no evidence for sufficiently rapid early but
post-infall accretion. Photoevaporative mass loss rates are
uncertain, but if they are too large it would be difficult to
explain those T Tauri systems whose disc lifetimes reach
∼ 10 Myr.
Because the mass accretion in current disc wind models
occurs only in thin layers in the upper disc, the magnetic
transport is somewhat decoupled from the evolution of the
central disc regions(but this may be modified by Hall ef-
fect: Be´thune et al. 2017; Bai & Stone 2017). The Bai (2016)
fiducial model adopts a residual hydrodynamic viscosity pa-
rameter of 2 × 10−4. As this model has a surface density at
1 AU about five times smaller than that of the M-MMSN,
the viscously-driven accretion is negligible compared with
that of the wind; however, if the initial values of Σ were
much larger, in better agreement with other solar nebula es-
timates (Weidenschilling 1977; Desch 2007), accretion due
to viscous transport would have been comparable to that of
the wind.
The models discussed here do not explain either
the stellar mass- or time-dependence of accretion rates.
Dullemond et al. (2006) attempted to explain the mass de-
pendence as a result of initial disc sizes with viscous evolu-
tion. Lower-mass stars tend to have smaller discs (because
they have smaller initial protostellar cores), and so they vis-
cously evolve much faster, such that their accretion rates
at a given age are much lower than those of larger stars,
with larger discs and slower viscous depletion. Whether this
explanation of the dependence of accretion on stellar mass
can work with the much lower viscosities envisaged in this
paper, or in concert with wind and/or Hall effect transport,
is not clear.
Identifying the factors which determine disk lifetimes
necessarily requires an explanation of the observed disk
clearing timescales, which are much shorter than those ex-
pected from viscous evolution (the ’two-timescale’ problem;
Clarke et al. 2001). Models with photoevaporatively-driven
winds (e.g., Clarke et al. 2001; Owen et al. 2011) can in
principle explain the two-timescale behavior; the photoevap-
orative mass loss opens a gap in the disk, preventing replen-
ishment of the inner disk gas that then drains onto the cen-
tral star. (A giant planet could also open a gap to accomplish
the same thing; Perez-Becker & Chiang 2011a,b).) However,
with the low viscosities envisaged here, the inner disk clear-
ing timescale would be too long. Possibly a disk wind work-
ing in concert with photoevaporation or planet gap forma-
tion could be a viable explanation. Alternatively, turbulence
generated by planets in the inner disk (Fung & Chiang 2017)
or by an outer giant planet (Bae et al. 2016) might be able
to enhance transport sufficiently to clear the inner disk.
7 SUMMARY
We have shown that viscous disc models with α & 10−4
can explain observed T Tauri mass accretion rates and life-
times provided that mass surface densities are sufficiently
large. The required values of Σ are not in conflict with any
observational constraints nor do they imply gravitationally
unstable discs, and they are comparable to more recent es-
timates of solar and extrasolar nebula surface densities. The
low viscosities are also consistent with observations limiting
turbulence, providing favorable conditions for dust growth.
Our considerations do not rule out the possible dominance
of magnetic transport, but show that magnetic stresses may
not be essential if hydrodynamic instabilities occur at low
levels.
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